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Suspended particulate inorganic matter (PIM) and particulate organic matter (POM) often exhibit sig-
niﬁcant variation both spatially and temporally in coastal oceans. The size distributions and optical
properties of these particles are poorly known. Utilizing a newly developed inversion technique from the
measured angular scattering pattern, we were able to examine POM and PIM in terms of detailed particle
size distributions (PSD) and optical volume scattering functions (VSF), gaining further insights and
knowledge of particles that will greatly improve biogeochemical investigations and remote-sensing al-
gorithms. We report the results on two extremes or end-members of possible coastal environments,
sediment-laden, turbid Mobile Bay, Alabama, USA and biologically productive, clear water Monterey Bay,
California, USA. The optically inferred mass concentrations of PIM and POM, when accounting for the
fractal nature of suspended particles, agreed well with the respective gravimetric determinations within
the analysis and inversion uncertainty. Despite intra- and inter-site variability, the inferred PSDs in both
coastal regions commonly showed an apparent background population of PIM at radii <0.6e1 mm
overlaid by POM of radii between 2 and 20 mm. The PSDs also saw increased contribution by PIM at radii
>50 mm. The clearly distinctive PSDs between PIM and POM provide evidence to support the Risovic two-
component model for suspended particulates. The shape of the VSFs, i.e., the scattering phase functions,
for POM are similar between the two sites (backscattering ratioz 0.0015), but the PIM in Monterey Bay
exhibited a higher backscattering ratio than in Mobile Bay (backscattering ratios 0.012 vs. 0.008,
respectively). At both sites, the mass-speciﬁc scattering cross section values for PIM (s [PIM]) are about 70
e80% lower than s[POM], while the mass-speciﬁc backscattering cross section values for PIM (sb[PIM]) are
10e25% greater than sb[POM].
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
The biogeochemical inﬂuences of particles are closely linked to
their mass concentration, size distributions, state of aggregation,
and composition. Indeed, these particle characteristics are both
controlled by, and, in turn, controlling factors of most biogeo-
chemical processes. Particles, through optical absorption and
scattering, alter profoundly the light ﬁeld penetrating through
aquatic habitats. This leads to application of the absorption andO Box 26174, University of
.edu (R.H. Stavn).
Ltd. This is an open access article uscattering properties of the altered optical ﬁeld, observed both in
situ and remotely, to invert other properties of the suspended
particulates (Mara~non et al., 2000; Zhang et al., 2013).
Inferring the concentration of suspended matter in the surface
waters from their scattering and backscattering properties requires
mass-speciﬁc scattering (s) and backscattering (sb) cross sections
(in units of m2 g1, Bukata et al., 1995). Optical inversion is
particularly challenging in the coastal environment with a mixture
of signiﬁcant and varying amounts of mineral and other types of
detritus in addition to biogenic particles, because the mass-speciﬁc
cross sections vary signiﬁcantly between different particles. To
better facilitate optical inversion in coastal waters, particles are
often partitioned into two general groups, particulate inorganicnder the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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is treated differently (Bukata et al., 1995; Gould et al., 2001; Bowers
and Binding, 2006; Stavn and Richter, 2008;Martinez-Vicente et al.,
2010). However, the difﬁculty in determining mass-speciﬁc scat-
tering cross sections even for these two broadly deﬁned particle
groups has forced researchers to utilize empirical ratios of the total
scattering coefﬁcient to the mass concentration of mineral (PIM) or
organic matter (POM) or the sum of both, total suspended solids
(TSS), to yield an empirical “speciﬁc scattering coefﬁcient” (Babin
et al., 2003). This can be done for both the total scattering coefﬁ-
cient (b* in m2 g1) and the backscattering coefﬁcient (bb* in
m2 g1). Although the dimensions of the two types of parameters
(i.e., s vs. b*) are similar, the empirical coefﬁcients are not properly
deﬁned optically (utilizing the total scattering coefﬁcient rather
than the scattering coefﬁcient attributable to the scattering mate-
rial in question) and cannot be directly analyzed by optical theory.
While these empirical scattering coefﬁcients are easy to measure,
they contain so many unknown factors that their interpretations
are often regional- and/or temporal-speciﬁc and tend to vary with
any change in the nature of the suspended matter throughout the
year. The total scattering coefﬁcient has been shown to be a sig-
niﬁcant predictor of PIM mass (Binding et al., 2005), POM (Stavn
and Richter, 2008), TSS (McKee and Cunningham, 2006), or
biomass (Martinez-Vicente et al., 2010). New methods of analysis,
however, have been proposed to derive mass-speciﬁc scattering
cross sections for the two major particle groups (Stavn and Richter,
2008; Bowers et al., 2009), i.e., s[M] and sb[M], whereM is either PIM
or POM. The use of properly deﬁned scattering/backscattering cross
sections also allows other properties of the suspended matter be-
sides concentration to be determined (Stavn, 2012). However, s[M]
and sb[M] thus derived are sometimes assumed to be constant
within a coastal area, which may not always be the case.
In addition tomass concentration, the surface area of suspended
particles is of critical importance. The biogeochemical study of the
sorption-desorption of critical nutrients for phytoplankton, trace
elements, organic detrital matter, and pollutants is a function of the
surface area of the suspended particles. The particle size distribu-
tion (PSD) is required to determine the surface area of the sus-
pended particles. A widely used PSD model in oceanography
assumes that the particle concentration decreases with particle
sizes following a power law with a constant slope (Bader, 1970),
also known as the Junge distribution. This power law PSD repre-
sents only an approximate mean state of a mixture of all particles
(Sheldon et al., 1972; Jonasz and Fournier, 1996), from which,
however, the PSDs of individual particle species may deviate
signiﬁcantly. For example, observations of living or non-living
particles in the ocean, such as phytoplankton (Campbell, 1995),
bacteria (Morel and Ahn, 1990, 1991), microbes (Stramski and
Kiefer, 1991), detritus (Longhurst et al., 1992; Wells and Goldberg,
1992; Yamasaki et al., 1998; Vaillancourt and Balch, 2000), and
mineral particles (Lambert et al., 1981; Jonasz, 1987), all show a log-
normal distribution in their number-size spectra. Theoretically, the
log-normal distribution arises from the natural processes of
breakage (Epstein, 1947), coagulation (Lai et al., 1972), or cell divi-
sion (Campbell and Yentsch, 1989). Despite continual advancement
in sizing technology, e.g., the commercially available Laser In situ
Scattering and Transmissometer (LISST, Sequoia Inc., Agrawal and
Pottsmith, 2000), it is still difﬁcult to resolve PSDs of PIM and
POM, particularly in their natural habitat. This has greatly limited
our understanding of particle dynamics and their optical and
biogeochemical signiﬁcance in coastal waters (Gallegos and
Menzel, 1987; Risovic and Martinis, 1994; Atteia et al., 1998;
Risovic, 2002; Davies et al., 2014).
Recent advances in the measurement of the angular scattering
or volume scattering function (VSF) (Lee and Lewis, 2003; Sullivanand Twardowski, 2009) are allowing further improved inversion
approaches to the problem of optically inverting the major types of
suspended matter (Zhang et al., 2002; Czerski et al., 2011; Zhang
et al., 2011; Twardowski et al., 2012; Zhang et al., 2012, 2013).
Because the angular pattern of the scattered light carries detailed
information of composition, mass, and size distribution of particles
(Bohren and Huffman, 1983), analyzing the VSFs yields not only the
concentrations of virtually all types of suspended particulates,
based on refractive index, but also the particle size distribution
(PSD) of each constituent.
Thus, in this study, we applied the VSF inversion method to
retrieve the characteristics of the major suspended particle types
in two contrasting coastal systems, Mobile Bay, Alabama, USA
and Monterey Bay, California, USA that can be considered end
members of the possible variations in coastal waters. We further
subdivided particle populations into mineral particles and
organic particles based on their refractive indices and examined
the PSDs and VSFs of each group. We validated this method by
comparing the optical inversions with the gravimetric de-
terminations of PIM and POM in the Mobile Bay and Monterey
Bay coastal systems.
2. Materials and methods
2.1. Field experiments
Field experiments were conducted in Mobile Bay, Alabama
(17e26 February 2009) and Monterey Bay, California (12e19
October 2010) (Fig. 1). The two sites contrast diametrically in terms
of particulate matter composition. Mobile Bay, a relatively shallow
estuary system containing large concentrations of chlorophyll,
terrigenous particles, and colored dissolved organic matter, is
dominated by minerogenic particles, probably from terrestrial
input and resuspension. Monterey Bay is a highly productive
coastal region with a large concentration of organic particles;
during the experiment, there were multiple blooms of diatoms
(predominantely Pseudo-nitzschia sp.) and dinoﬂagellates (pre-
dominantely Prorocentrum nicans).
At each sampling station, the volume scattering function (VSF,
m1 sr1) of water was measured by two instruments, a prototype
Multi-spectral Volume Scattering Meter (MVSM) and a commercial
LISST-100X (Type B; Sequoia, Inc., WA.). In addition, the water
samples were collected for laboratory analysis of particulate inor-
ganic matter (PIM) and particulate organic matter (POM).
2.2. PIM and POM measurements
The gravimetric technique for PIM and POM concentrations is
based on standard Loss-On-Ignition (LOI) of the APHA Manual
(Pearlman et al., 1995). This involves ﬁltering water samples
through 0.7 mm Whatman GF/F glass ﬁber ﬁlters, ashed and pre-
weighed. Water sample volumes varied from 400 to 1025 mL in
Mobile Bay and from 1250 to 3000 mL in Monterey Bay. The dif-
ferences in volume ﬁltered were due to the suspended clay load in
Mobile Baywhile therewas no evidence of suspended clayminerals
in Monterey Bay during sample collection. After ﬁltration, the
sample ﬁlters were dried at 103 C for two hours. The sample was
dried and weighed again and the procedure stopped if the weights
agreed to within two standard deviations of the weight scale. The
samples were then ashed at 550 C for 15 min. The procedure was
repeated until constant weight was achieved. The APHA technique
was extended to account for and correct sea salt and water of hy-
dration retention effects on Whatman GF/F glass ﬁber ﬁlters (Stavn
et al., 2009). These corrections were applied to both suspended
particulate measurements of Mobile Bay and Monterey Bay.
Fig. 1. The sampling stations during the experiments in (a) Monterey Bay and (b) Mobile Bay. Some stations were sampled multiple times. Notice that the depth scales are different
between (a) and (b).
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Bay required accounting for the loss of structural water by clay
minerals during the ashing step (Barille-Boyer et al., 2003). If un-
corrected, this would cause signiﬁcant underestimation of sus-
pended mineral concentration and overestimation of suspended
particulate organic matter. The relative concentrations of the major
clayminerals in Mobile Baywere obtained from the results of Doyle
and Sparks (1980). The differentiation of suspended mineral matter
into clay minerals and non-clay minerals was accomplished by
scanning electrical microscopy (SEM) and electron microprobe
analysis (EMP) of the imaged samples. Qualitative surveys of sus-
pended mineral types were done with X-ray diffraction analysis.
These techniques are given in more detail in Section 2.3. Based on
the duplicated analysis and data of previous studies, we estimated
that uncertainties for PIM estimates were about 15e22% for PIM
mass < 4 mg/L, 10e15% for 4 < PIM < 13 mg/L, and 6e10% for
PIM > 13 mg/L. The uncertainty in POM estimates is about ½ of the
uncertainty in PIM.
It is worthwhile to comment on the nature of GF/F glass ﬁber
ﬁlters and how this information was used in the VSF inversion.
Glass ﬁber ﬁlters do not demonstrate a uniform pore size as they
are composed of randomly stacked glass ﬁbers in a relatively thick
pad. Thus, the manufacturer reports a mean pore size of 0.7 mm for
the GF/F ﬁlter. Because this glass ﬁber pad is not a screen ﬁlter
with a deﬁned pore size but rather a depth ﬁlter, the minimum
particle size removed is not the mean pore size (Sheldon, 1972).
This depth ﬁlter pad provides relatively tortuous pathways
through the pad in which adsorption is the dominant process
removing particles in suspension to adhere to the ﬁlter (Feely
et al., 2013). Such a ﬁlter can remove nearly everything in sus-
pension if run to total clogging. Chavez et al. (1995) report
quantitative recovery of suspended particles down to 0.5 mm
diameter. This size dimension was used to set the lower limit of
particulate sizes.2.3. Differentiation of PIM minerals
2.3.1. Analytical methods
The individual samples were hand-picked and mounted in
epoxy for scanning electron microscopy (SEM) and electron
microprobe analysis (EMP) and ground down and polished ac-
cording to standard techniques. A 250 Ǻngstrom thick coating of
carbon was applied to the sample surface under a vacuum of
1  105 torr.
2.3.2. Scanning electron microscopy
An AMRAY 1820 digital SEM was used and operated at an ac-
celeration potential of 20 kV, a ﬁnal aperture of 400 mm, 0 sample
tilt and a working distance of 18 mm. Backscattered electron im-
ages were acquired at a resolution of 1024  1024 pixels using the
Iridium Ultra software (IXRF Systems, Inc., Texas). Individual grains
were identiﬁed via energy dispersive spectral analysis and the
presence of the characteristic elements in the grain. In this fashion,
each individual class of quartz, feldspars, framboidal pyrite, odd
titanium oxide particles, as well as clay species, was identiﬁed. An
example of an SEM image with some of the major mineral types
encountered in Mobile Bay is shown in Fig. 2.
Areal contributions of clay species versus diatoms were deter-
mined via the segmentation function based on brightness differ-
ential in the images. For testing of this method, two samples with
diatomite and smectite in concentrations of 1:1, 3:1 and 1:3 were
analyzed via image analyses and the results obtained via segmen-
tation agreed well with the actual quantities within an error of ±
10%.
2.3.3. X-Ray diffraction
A Scintag XDC 2000 was used in the study and operated under
35 kV and 10 mA current. Scan range of the samples on GF/F ﬁlters
was from 2 to 40 two theta (both detector and source moved) at a
Fig. 2. Scanning electron micrograph with results of electron microprobe analysis for
surface sample fromMobile Bay, Alabama, USA. The minerals of image 5 are as follows:
1) Fe-rich clay, possibly chlorite; 2) biotite somewhat altered; 3) Titanium oxide; and
4) diatom frustule.
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characteristic X-ray reﬂections though due to paucity of sample on
the ﬁlters, some of the determination was difﬁcult. The presence of
opal (from diatoms) was clearly seen in the amorphous hump on
the screen peaking at about 25 (Eisma and Van Der Gaast, 1971).
The analysis showed that the major suspended mineral encoun-
tered in Monterey Bay was opal (a diffractogram of a sample from
Monterey Bay is shown in Fig. 3).
2.4. VSF-inversion of PIM and POM
The MVSM measures the angular scattering every 0.25 be-
tween 0.5 and 179 at eight wavelengths (443, 490, 510, 532, 555,
565, 590 and 620 nm) in approximately 10 min for one complete
run. In deployment, the MVSMwas ﬁxed at about 1.5 m below the
surface with ambient water pumped at 2e3 L per minute through
the sample chamber using a SeaBird 5T pump placed at the outlet.
At each station, we had the MVSM collect two sets of VSFs, fromFig. 3. X-ray diffractogram of a surface sample fromMonterey Bay, California, USA. The
elevated intensity (counts min1) at 2 theta between 20 and 30 (degrees) is the classic
opal-bulge indicating the predominant mineral species being opal with little evidence
of any other signiﬁcant mineral species.which an average was computed. This average was then processed
following Berthon et al. (2007) to obtain the VSF. The LISST-100X
measures scattering in 32 angles between 0.07 and 13.9 at one
wavelength of 532 nm. The sensor was deployed in proﬁling mode
with the sensor looking down rather than the typical horizontal
position to reduce the ambient light contamination (Reynolds
et al., 2010). The proﬁle data were binned into 0.5 m depth in-
terval and the data at the MVSM depth were used to calculate the
VSF following Slade and Boss (2006). Finally, the VSFs by LISST-
100X at angles from 0.07 to 9.4 and the VSFs by MVSM at
532 nm at angles from 9.5 to 179 were combined to form a
complete angular resolution of the scattering. This combination
eliminates two potential uncertainties associated with the two
sensors (Zhang et al., 2012): the residual stray light contamination
affecting the LISST data at the two largest angles and the error in
scattering measurements by the MVSM at near forward angles.
The combined LISST-MVSM VSFs at 532 nm were used to infer
particulate matter.
The theoretical basis and techniques of inferring particles from
the VSFs have been detailed in Zhang et al. (2011). For simplicity, we
only describe the concept here. For VSF-inversion, particles are
examined as individual species or subpopulations, for each of
which, the size distribution is represented by a log-normal function
and the composition by a refractive index. The normalized VSF, or
phase function (sr1), associated with each subpopulation serves as
a ﬁngerprint to separate and identify different particle populations.
The phase functions are computed by assuming particles are ho-
mogeneous and of asymmetrical hexahedral shape (Zhang et al.,
2012). The asymmetrical hexahedral shape has been shown to
sufﬁciently simulate polarized scattering by mineral aerosols (Bi
et al., 2010) and has been used to infer suspended sediments in a
surf zone off Scripps Pier (Twardowski et al., 2012). This improves,
with corroborated results (Zhang et al., 2012; Zhang et al., 2013),
the earlier model in Zhang et al. (2011), where particles are
assumed to be homogeneous and spherical. Approximately 90
candidate subpopulations (Table 1), representing a wide range of
oceanic particles, living or nonliving, organic or inorganic, were
prescribed based on published results and a rigorous sensitivity
study (Zhang et al., 2011, 2012). These candidate subpopulations,
forming the kernel function in inversion, were used in this study.
Themeasured bulk VSF results from additive contributions by all
water constituents, including water itself. After removing the
scattering by pure seawater (Zhang and Hu, 2009; Zhang et al.,
2009), the non-water VSF (an example is shown as a gray line in
Fig. 4(a)) was disaggregated through inversion into contributions
by different subpopulations (color lines in Fig. 4(a)), each uniquely
represented by, as shown in the legend, the refractive index
(composition), the modal size and the standard deviation (size
distribution), and the scattering coefﬁcient. The actual particle size
distribution was then estimated for each identiﬁed particle sub-
population based on its modal size, standard deviation and scat-
tering coefﬁcient (color lines in Fig. 4(b)).Table 1
Candidate particle subpopulations, each of which is represented by a refractive in-
dex relative to water and a log-normal size distribution (modal size and standard
deviation).
Particle properties Values
Modal sizes (mm) 0.02, 0.04, 0.08, 0.2, 0.4, 0.8, 1.6, 3.2, 10
Standard deviation 0.1, 0.3, 0.5, 0.7, 0.9, 1.1
Composition
(refractive index)
0.75 (bubbles), 1.02, 1.04, 1.06, 1.10, 1.15, 1.20
Shape spherical for bubbles or asymmetrical hexahedral
for all other particles
Structure Coated sphere for bubbles, homogeneous for others
Fig. 4. An example demonstrating inference of particle subpopulations from the measured VSF (combined MVSM and LISST data). (a) The measured VSF, shown as gray line, was
disaggregated into contributions by subpopulations. The legend shows, for each identiﬁed subpopulation, the refractive index (relative to water), the modal size, the standard
deviation, and the scattering coefﬁcient. The dotted black line is the reconstructed VSF from the subpopulations. (b) Log-normal size distributions calculated for the identiﬁed
particle subpopulations based on the modal size and standard deviation as well as the concentration of particles, which was estimated from the inferred scattering coefﬁcient and
the scattering cross section associated with each subpopulation. The vertical gray line indicates the lower limit of sizes for particle retention by the GF/F ﬁlter. (c) Size distribution of
subpopulations expected to be retained by the ﬁlter are grouped by the refractive indices. The dotted gray line is the total size distribution estimated by summing individual
subpopulations and the solid black line is the bulk size distribution estimated by the LISST.
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screened the subpopulations based on their modal sizes that are
greater than the minimum ﬁlter pore size (the gray line in Fig. 4(b)
at radius ¼ 0.25 mm). Fig. 4(c) shows those particle subpopulations,
grouped by the refractive index, that are expected to be retained by
the GF/F ﬁlters. For comparison, the bulk size distribution for par-
ticulate matter, estimated by summing the individual curves in
Fig. 4(c) (the dashed gray line) agreed well with the LISST estimates
(solid line in Fig. 4(c)). A previous study (Zhang et al., 2012) has
shown an overall agreement of 10% between the VSF-inversion and
the LISST method (e.g., Agrawal and Pottsmith, 2000) in estimating
the size distribution of particulate matter in three complex coastal
waters (Chesapeake Bay, Monterey Bay and Mobile Bay).
In principle, the density is related to the refractive index through
the well-known LorentzeLorenz relation, (n2  1)/(n2 þ 2) ¼ (NAa/
3M)r, where n and r are the bulk refractive index (in vacuum) and
the density of the matter, respectively, a and M are the mean mo-
lecular polarizability and weight of the matter, and NA is the uni-
versal Avagadro's number. However, since it is difﬁcult, sometimes
impossible, to determine the exact values of a and M for aquatic
particulate matter, we used the empirical n  r relationships for
PIM and POM (Fig. 5(c)). To simply notation, “refractive index”
mentioned hereafter means the real part of the refractive index
relative to water and is represented by “n” or its variations, such as
“nsub”.
While dry organic and inorganic compounds have different
density ranges, their refractive indices are comparable (Fig. 5(a, c)).
Fortunately, aquatic organic particles, including living (viruses,
bacteria, auto- or hetero-trophic plankton) or nonliving (debris,
colloids), are essentially made of organic compounds plus water
(e.g., Aas, 1996). As a result, organic particles in the ocean tend to
have an apparent refractive index much lower than that for the dry
matter. It is normally assumed in biogeo-optical modeling that
particles with a refractive index less than 1.1 are of organic type andmineral particles would have a higher index. While in this study we
also adopted this value as the threshold for separating POM and PIM
particle populations, we do recognize uncertainties associated with
this assumption. First, some particles, such as diatoms having a
relatively high refractive index of 1.1 due to the presence of the
silica shell (Aas,1996), contribute signiﬁcantly to both POM and PIM
and probably should be included in both estimates. Second, it is
possible that some hydrated organic and inorganic matter has
refractive indices higher and lower, respectively, than the index
threshold (¼ 1.1) we used. In this case, the optical inversion simply
cannot separate them.
To estimate the apparent density for POM, r, namely the density
of organic matter in hydration, we followed the approach of Morel
and Ahn (1990) and Babin et al. (2003),




where, n the apparent refractive index of POM, r0, V0 and n0 are
respectively the density, the fractional volume, and the refractive
index of dry matter of POM. The values of ro/(n0  1) for major
oceanic organic compounds are show in Fig. 5(b). With the
exception of protein, this ratio is rather constant. Since it is
impossible to know, without complex laboratory analysis, the exact
composition of organic particles, we used mean value of
8.56 ± 1.1 kg L3 for this ratio.
Eq. (1) certainly applies to mineral particles, even though they
typically contain much less water than organic particles, about
8e15% structural water for the common minerals suspended in
coastal waters (Grim, 1968; Barille-Boyer et al., 2003). Fig. 3(c and
d) summarize the data reported by Wozniak and Stramski (2004)
and Babin et al. (2003) for mineral particles. The values of r0/
(n0  1) for oceanic mineral species vary roughly within a conﬁned
range of 12e19 kg L3, with an average of 15.52 ± 1.84 kg L3. There
Fig. 5. The co-variations of dry matter densities (r0) and refractive indices (n0) for four major organic compounds (a) and (b) and for different mineral species typically found in the
ocean (c) and (d). The data for organic matter were compiled from Aas (1981) and for minerals fromWozniak and Stramski (2004) (WS04) and Babin et al. (2003) (B03). The line in
(c) shows the best-ﬁt linear regression.
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matter V0  1, i.e., n  1/n0  1  1. While this limit is seldom
violated for organic particles (n  1.1; n0 ~ 1.1e1.2; Fig. 5(a)), it does
not hold consistently for inorganic particles (n 1.1; n0 ~ 1.07e1.24;
Fig. 5(b)). In cases where the fractional volume of dry matter rea-
ches unity, the apparent density for mineral particles is the same as
the density for dry matter, which can be estimated from the
refractive index following the regression line in Fig. 5(c), which has
a coefﬁcient of determination R2 ¼ 0.72 and root mean square
deviation (RMSD) ¼ 0.17 kg L3 (Gauch et al., 2003). Therefore, to
estimate the density for PIM, we use
r ¼ 15:52ðn 1Þ 1:1  n<1:166:42n 4:86 1:16  n : (2)
The value of 1.16 was determined as the intersection of the 1st
and 2nd formula in Eq. (2). We estimated that the errors in using
Eqs. (1) and (2) are 10 ± 4%.
With Eqs. (1) and (2), the mass concentration (m) for particulate











where f(r) represents the particle size distribution, F(r) is the fractal
dimension of particles, r0 the radius of primary particles, rmax
maximal characteristic ﬂoc size, and r the effective radius of par-
ticles (Grenfell and Warren, 1999), which is computed as 4/3  V/A,
where V is the volume and A is the average projected area. Here we
used the fractal dimension to estimate the volume to recognize that
particles, particularly of larger sizes, often exist as aggregates or
ﬂocs of smaller particles in the ocean (e.g., Alldredge and Silver,
1988). The fractal dimension F(r) varies with the particle
size:F(r) ¼ 3(r/r0)b (e.g., Stavn, 2012). Analyzing 26 published data
sets, Khelifa and Hill (2006) suggested the use of values of 0.5 mm
for r0, 1000 mm for rmax, and 0.0533 for b, respectively, when no
direct measurements are available. These median values represent
well the aggregate conditions in the two coastal environments that
we studied. This gives an average fractal dimension F ¼ 2.32 for rvarying between 1 and 1000 mm, comparing well with the range of
2.26e2.36 that Jackson et al. (1997) estimated for particles in
Monterey Bay of sizes between 1 mm and 1 cm. Note that for
r < r0, F ¼ 3.
For the case shown in Fig. 4(c), the total mass concentration for
POM would be estimated by applying Eq. (3) to each of the two
curves with n ¼ 1.02 and 1.06 and summing the results; and the
mass for PIM by applying Eq. (3) to each of the three curves with
n ¼ 1.1, 1.14 and 1.2 and summing the results.
3. Results
3.1. Mass concentration
Themeasurements of PIM and POM in the two coastal waters are
summarized in Table 2. During the observations, Monterey Bay was
dominated by organic matter, on average 80% of particulates; only
25% of the particles in Mobile Bay were of the organic type. POM
concentrations are comparable between the two sites, while PIM
concentrations in Mobile Bay are on average an order of magnitude
greater than those in Monterey Bay. In terms of particle composi-
tion, Monterey Bay and Mobile Bay represent two extremes.
The mass concentrations of PIM estimated by the VSF-inversion
compared to the gravimetric determinations for Monterey Bay and
Mobile Bay are plotted in Fig. 4(a and b), respectively. In evaluating
comparisons, we follow the recommendations of Pi~neiro et al.
(2008). Excellent agreement was found for Mobile Bay data
(Fig. 6(b), Pearson correlation coefﬁcient, R > 0.9), and normalized
mean bias (NMB ¼ 10%) is within the measurement uncertainty
(MU) for PIM (15%, Table 2). For Monterey Bay (Fig. 6(a)), while the
two estimates correlated well (R ¼ 0.66), NMB (¼ 43%) is greater
than the measurement uncertainty of 22% (Table 2), indicating a
possible overestimation.
The estimates of POM concentration by the VSF-inversion
method compared well with the laboratory results (R > 0.75;
Fig. 6(d and e)). For Mobile Bay the difference between inversion
and laboratory determinations was within the measurement un-
certainty (NMB ¼ 6% vs. MU ¼ 8%), while there was an underesti-
mation for Monterey Bay (NMB ¼ 40% vs. MU 11%). The POM
Table 2
The range minimum (Min., mg/L) emaximum (Max., mg/L), mean (mg/L) and uncertainty (MU, %) of PIM and POMmeasurements in Monterey Bay (MT) and Mobile Bay (MB).
The measurement uncertainties for PIM and POM were estimated from analysis and for TSS and POM:TSS were estimated from standard error propagation.
PIM POM TSS POM:TSS
Min. Max. Mean MU Min. Max. Mean MU Min. Max. Ave. MU Min. Max. Mean MU
MT <0.01 0.48 0.17 22% 0.11 2.24 0.69 11% 0.11 2.37 0.86 12% 0.49 0.98 0.79 16%
MB 0.20 6.02 2.16 15% 0.06 2.31 0.82 8% 0.26 7.36 2.98 16% 0.07 0.48 0.25 18%
Fig. 6. Comparisons of mass concentrations of particulate matter (PIM, POM and TSS) estimated by VSF-inversion and laboratory analysis for Monterey Bay, Mobile Bay and the
combined dataset. Also shown in each panel are the 1:1 relationship (gray line), the correlation coefﬁcient (R) and normalized mean bias (NMB). NMB¼(PiPi  Oi)/PiOi, where P
(prediction) represents estimates by VSF-inversion and O (observation) laboratory analysis.
Table 3
Mean and coefﬁcient of variation (CV ¼ SD/mean) of the inferred mass-speciﬁc
particulate scattering (s [PIM] and s [POM]) and backscattering (sb[PIM] and sb[POM])
cross sections at 532 nm for PIM and POM and mass-speciﬁc scattering and back-
scattering coefﬁcients for TSS (b* and bb*).
Monterey Bay N ¼ 27 Mobile Bay N ¼ 17
Mean m2 g1 CV % Mean m2 g1 CV %
s [PIM] 0.38 >100 0.53 50
s [POM] 2.16 57 2.11 83
b*TSS 1.50 69 1.09 63
sb[PIM] 0.0036 >100 0.0042 61
sb [POM] 0.0032 64 0.0033 91
bb*TSS 0.0034 82 0.0038 67
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overestimated PIM by 43% in Monterey Bay.
We compare the total suspended solids (TSS ¼ POM þ PIM) in
Fig. 6(g and h). The TSS concentration in Mobile Bay averaged about
3.0 mg/L, more than three times greater than Monterey Bay. It is
interesting to see that agreement for TSS in Monterey Bay has
greatly improved compared to individual components, largely
because of the cancellation of the respective errors in the estimates
of PIM and POM. Comparison of TSS in Mobile Bay also improved
over the individual comparisons, possibly for the same reason.
Whenwe combine the data and inversions from these two sites, the
concentrations of PIM and POM estimated from the VSF-inversion
agreed very well with the laboratory measurements (Fig. 6(c, f)).
The VSF-inversion appeared to retrieve PIM better than POM.
Overall, the VSF-inversion was able to capture major variability in
both organic and inorganic particles as seen in Fig. 6, with overall
uncertainty about 5% for PIM, 18% for POM, and 11% for TSS.
3.2. Mass-speciﬁc scattering and backscattering cross sections and
coefﬁcients
The mass-speciﬁc scattering cross section of a particle is the
well-known scattering cross section of a particle normalized by its
mass (Bohren and Huffman, 1983). The mass-speciﬁc scatteringcross section of PIM or POM is the weighted average of the cross
sections and masses of all particle size classes in the sample (s[M] in
m2 g1) where M is either PIM or POM (Stavn and Richter, 2008).
The comparable backscattering cross section is then sb[M] in m2 g1.
The values of the mass-speciﬁc scattering cross sections and the
mass-speciﬁc scattering coefﬁcients estimated from the VSF-
inversions at 532 nm are listed in Table 3. We should point out
that the mass speciﬁc scattering cross sections and coefﬁcients
(s[M] and b*) reported in Table 3 are expected to be higher than the
Fig. 7. Fractional contribution of PIM to the particulate PSDs (a) and VSFs (b) inferred from VSF-inversion. The corresponding POM contribution (not shown) is simply 1 minus the
PIM contribution. Blue and green colors represent data for Mobile Bay and Monterey Bay, respectively. The dotted lines represent individual measurements, whose geometric mean
is shown as a thick line.
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et al., 2009b). The difference arises from how the scattering coef-
ﬁcient (b) is measured. A typical ac-meter measures scattering at
angles down to 0.93 while the LISST-MSVM that we usedmeasures
scattering at angles down to 0.07. Because the VSFs in natural
environments peak strongly in near forward directions, this
seemingly small difference in acceptance angle can cause an un-
derestimation of b by an ac-meter averaging 20% (Zhang et al.,
2013). In both sites, s[PIM] values are about 70e80% lower than
s[POM], while sb[PIM] values are 10e25% greater than sb[POM].
3.3. Volume scattering functions and particle size distributions
We examined the individual particle size distributions (PSDs)
and the volume scattering functions (VSFs) of each particle group
determined from the VSF-inversions. The fractional contributions
by PIM particles to the particulate PSDs and VSFs vary signiﬁcantly
(Fig. 7), indicating complexity in particle composition and dy-
namics. Despite the intra- and inter-site variability, there are sim-
ilarities. Several features are common to both sites: (1) PIM appears
to dominate PSDs at radii < 0.6e1 mm; (2) particles of radii between
2 and 20 mm are mainly of organic type; and (3) PIM contribution
increases at radii > 50 mm (Fig. 7(a)). These commonalities may
suggest that PIM forms a background of suspended particles atFig. 8. The particle size distributions normalized by the corresponding number concentrat
scattering coefﬁcients (i.e., phase functions) (c) and (d). In each panel, lines in blue are for
measurements and thick solid line represents the geometric mean. In the insets in (c) andsubmicron sizes, while POM dominates the larger sizes. PIM
contributed signiﬁcantly to the scattering at angles > ~30, with
relatively higher contribution observed for Mobile Bay (>60%) than
for Monterey Bay (40e70%) (Fig. 7(b)). At angles <10, POM domi-
nated scattering.
We compare how the shapes of the PSDs differ between PIM and
POM and between the two ﬁeld sites (Fig. 8(a and b)). The shape of
the POM size distribution in Monterey Bay tended toward multi-
modal during the experiment while that in Mobile Bay remained
closer to a broader, unimodal distribution. While the POM size
distribution in both sites exhibited a concentration bump at radii of
3e4 mm, Monterey Bay also saw a conspicuous increase in POM
concentration at radii around 0.8e1 mm. The shapes of PIM size
distributions in both sites exhibited little variation at radii < ~2 mm,
even though they differ from each other at larger sizes. Compared
to PIM, POM in both sites has a broader size distribution, indicating
the presence of more large-sized particles.
The general shapes of angular scattering (i.e., phase functions)
are examined in Fig. 8(c and d). Compared to the changes observed
for PSDs (Fig. 8(a and b)), the changes in phase functions are not as
pronounced for both PIM and POM and for both sites. While it is a
little hard to tell from the ﬁgure, the POM phase functions are
actually very similar between these two coastal environments. The
backscattering ratios for POM, measuring the fraction scatteringions (a) and (b) and the volume scattering functions normalized by the corresponding
POM and in green for PIM; dotted lines represent inversion results for each individual
(d) highlight the changes at angles < 10 .
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Monterey Bay, respectively. This may seem surprising given the
differences observed in their respective size distributions (Fig. 8(a
and b)). However, most of the PSD difference for POM occurred at
radii<1 mm, which only accounted for <30% of the total POM par-
ticles in both sites. PIM in Monterey Bay exhibits stronger back-
scattering than PIM in Mobile Bay, the backscattering ratios 0.012
vs. 0.008, respectively. Also in both environments, the backscat-
tering ratio for PIM is much higher than that for POM. POM
exhibited relatively stronger scattering at angles <10 (Fig. 8,
insets).
4. Discussion and conclusions
Inferring the concentrations and PSDs of PIM and POM from the
VSF-inversions required several key assumptions that may affect
the interpretation of the results:
1 Our optical modeling improves on the commonly adopted
assumption that particles are homogeneous spheres by utilizing
homogenous particles of asymmetrical hexahedral shape. While
the general non-sphericity exhibited by oceanic particles may
have been accounted for by asymmetrical hexahedral shape, the
internal structures exhibited by organisms may deviate signiﬁ-
cantly from the homogeneous assumption (Meyer, 1979). We
observed multiple diatom and dinoﬂagellate blooms during the
Monterey Bay experiment. Diatoms have a silica shell while
dinoﬂagellates are armored with a carbohydrate shell; these
phytoplankton particles are certainly not homogeneous. Data
from these blooms showed differing backscattering ratios of the
two groups, for example, and the relative proportions of two
groups varied in transects from open ocean to the near shore
region. Monterey Bay may be less optically uniform than Mobile
Bay. Thus, this homogeneous assumption may affect POM
retrieval more than PIM (Fig. 6(c, f)) because PIM behaves in a
semi-conservative fashion while POM does not due to rapid
reproduction of living cells (Stavn and Richter, 2008) which
leads to various sizes of cells with differing internal structures.
However, Zhang et al. (2013) did show that chlorophyll con-
centration estimated from the VSF inversion for phytoplankton
particles agreed well with the HPLC data in the Chesapeake Bay;
2 Organic and inorganic particles are separated by the biogeo-
optical classiﬁcation through the refractive indices derived
from the VSF inversion. Misclassiﬁcation is expected, however,
because some particles, living (such as diatoms) or nonliving
(such as aggregates), are themselves a mixture of particles of
both types (Jackson and Burd, 1998). Diatoms, for example, have
a silica shell with a representative refractive index of ~1.1 (Aas,
1996). Had we included particles with n ¼ 1.1 in the POM pool,
instead of the PIM pool, the comparison for POM would be
improved by 50% (NMB changing from40% to 20% in Fig. 6b),
but PIM estimates would change from 43% overestimation to
70% underestimation (Fig. 6a). This also suggests that mineral
silica, possibly biogenic, is an important source of PIM in Mon-
terey Bay (Pilskaln et al., 1996); a similar case was also found in
Santa Barbara Channel (Kostadinov et al., 2012). The presence of
opal or amorphous silica (diatom frustules) in Monterey Bay is
conﬁrmed by an X-ray diffractogram from a Monterey Bay sur-
face sample (Fig. 3). Since we have assumed particles are ho-
mogeneous, we cannot further partition particles, such as those
with n¼ 1.1, into organic and inorganic portions. This is certainly
a future research topic as we continue to improve the inversion
technique. The general agreement in the estimates of PIM and
POM shown in Fig. 6 seems to suggest that the impact of
misclassiﬁcation is either not signiﬁcant or largely cancels out;3 We feel that particle mass estimates are greatly improved by
fractal scaling (Eq. (3)). Fractal scaling relates one-dimensional
sizes to three-dimensional volumes or masses of particles.
Since aggregation of particulate material is a primary process in
the ocean, oceanic particles are inherently fractal, regardless of
their sizes (Jackson and Burd, 1998). Because the porosity of a
fractal aggregate increases with the size of the particle (e.g.,
Khelifa and Hill, 2006), the mass of larger particles would be
greatly overestimated if the fractal dimension were not used,
resulting in signiﬁcant overestimates of the total particulate
mass (Burd and Jackson, 2009). For a sensitivity analysis of the
porosity we varied the value of b in Eq. (3) to its reported range
of 0.08270 to 0.02936 which resulted in a deviation of the
particulate mass estimates that falls within a tight range
of 32% to 75% for POM and of 22% to 100% for PIM. However,
without fractal scaling, the mass would be overestimated by a
factor of ~8 for POM and a factor of ~16 for PIM. While the
detailed study of fractal aggregates is beyond the scope of this
study, our results do conﬁrm the fractal nature of particulates in
these coastal environments (Jackson et al., 1997; Boss et al.,
2009a). Knowledge of the porosity and fractal dimensions of
suspended aggregates will improve estimates of the sorption-
desorption capacity of the aggregate, which is particularly
important for the cycling of materials in the coastal ocean
(Howarth et al., 2011);
4. The fractal nature of suspended particles poses two implicit
challenges to general biogeo-optical modeling, including the
optical inversion used in this study. First, the scattering is
directly proportional, to a ﬁrst approximation, to the mean cross
sectional area of the particles. The fractal dimension for marine
particles can vary from as low as 1.2 (Risovic and Martinis, 1996;
Li et al., 1998) to 3. Aggregates with fractal dimension <2 are
fundamentally optically different from those with fractal
dimension 2 and the traditional optical computations, such as
Mie or our method, would break down. In this study, the fractal
dimension derived from the median values used in Eq. (3) has a
minimal value of 2. Second, as porosity of aggregated particles
increases the effective refractive index decreases. This means
larger particles tend to have lower refractive indices, optically
mimicking organic particulates. Therefore, it may not be real-
istic, as we did, to simulate scattering by larger particles with a
uniform index, say, representative of minerals. This is a lesser
issue for our study, because the inversion would simply drop
these unrealistic subpopulations. Also, Fig. 8(a and b) suggest
that, statistically, mainly POM particles exhibit signiﬁcant size
distributions at radii greater than 100 mm in the surface waters;
Despite these uncertainties, the VSF-inversion of PIM and POM
agreed well with gravimetric determinations on water samples
collected coincident with the optical scattering measurements
(Fig. 6), thus providing a validation. A further validation is to
compare the values of mass-speciﬁc scattering cross sections and
coefﬁcients in Table 3 with values reported in the literature.
Babin and Stramski (2004) simulated mineral and organic par-
ticles assuming they are homogeneous spheres and follow the
hyperbolic upper limb of a Junge size distribution. They estimated
that s[PIM] (b*PIM in their terminology) varies from 0.3 to 0.6 m2 g1,
and that s[POM] (b*POM in their terminology) varies slightly around
1 m2 g1. Our s[PIM] values are consistent with their theoretical
values, but our s[POM] are about 2 times greater. Stavn and Richter
(2008) applied a new Type II multiple linear regression to esti-
mating and from measured b and concentrations of POM and PIM.
This procedure partitions b into its components due to PIM and
POM so that a true mass-speciﬁc scattering cross section is deter-
mined. Their estimates of and for Mobile Bay, with standard errors,
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compare well with our estimates within the estimate uncertainties
and the instrument uncertainties.
A common feature of our inferred mass-speciﬁc cross sections
and coefﬁcients is that they tend to vary signiﬁcantly both between
and within sites (CVs > 50%). Among these cross sections and co-
efﬁcients listed in Table 3, b*TSS has been frequently reported
because both b and TSS can be measured routinely. Table 4 com-
pares b*TSS and bb*TSS estimated at 555 nm in different regions. The
mean b*TSS values reported for various coastal waters in Europe are
generally lower than our values for Mobile Bay and Monterey Bay,
but the differences are largely within the natural variability after
the systematic biases associated with the differences inwavelength
and in the instruments are accounted for. The bb*TSS values
measured in English Channel (Martinez-Vicente et al., 2010) are
comparable to our estimates for Monterey Bay and for Mobile Bay,
but the estimates for the Irish Sea (McKee and Cunningham, 2006)
are greater than ours by approximately a factor of two. However,
the error limits of our calculations and those of McKee and
Cunningham (2006) are close to overlapping. Despite the
frequent uses of b*TSS as a proxy for or, Table 3 demonstrates that
this empirical mass-speciﬁc scattering coefﬁcient can deviate
signiﬁcantly from the estimated true mass-speciﬁc scattering cross
sections.
The validation and veriﬁcations reported above on mass con-
centration and mass-speciﬁc scattering cross sections give us
conﬁdence in the PSDs and VSFs inferred for PIM and POM, for
which few data have been reported before. In Monterey Bay, where
suspended particles are dominated by organic matter, POM and PIM
particles inferred from the VSFs exhibit distinctive shapes in their
size distributions. PIM particles exhibit a narrower distribution
than POM particles and they are most highly concentrated in a
radius range below 1 mm approximately, whereas POM particles
dominate in the larger size ranges (Fig. 8(b)). Our results are
consistent with previous studies conducted in Monterey Bay,
where microscopic images showed that larger particles have moreTable 4
Comparison of b*TSS and bb*TSS at 555 nm estimated at different regions. Our esti-
mates of b* were multiplied successively by a factor of 0.8 to account for the dif-
ference in acceptance angles between the instruments used to measure b (Section
3.2) and by 0.97 to account for the difference in the wavelength assuming that
b(l) varies as l1. No corrections were applied to bb*.





English Channel 0.56/÷1.7a,c 0.0034 ± 0.0008c
0.7 ± 0.4c
Irish Sea 0.22 ± 0.2f 0.0088 ± 0.0008b,e
0.22 ± 0.02b,g
Case 2 Mediterranean 0.42/÷2.6a,c
Bristol Channel 0.38 ± 0.17d
Tamar estuary 0.57 ± 0.11d
Elbe estuary 0.41 ± 0.06d
Gironde estuary 0.39 ± 0.11d
Monterey Bay 1.16 ± 0.80h 0.0034 ± 0.0028f
Mobile Bay 0.85 ± 0.53h 0.0038 ± 0.0025f
a The geometric mean and standard deviation reported.
b Converted by multiplying reported b*PIM (bb*PIM) values by 0.6, average per-
centage of TSS due to PIM.
c Babin et al. (2003).
d Doxaran et al. (2009).
e Martinez-Vicente et al. (2010).
f Bowers and Binding (2006).
g McKee and Cunningham (2006).
h This study, from optical inversions.organic matter and smaller particles have more mineral matter
(Jackson et al., 1997) and where submicron particles in the size
fraction of 0.2e1 mm are mostly aluminosilicates (Wells and
Goldberg, 1992). The similar pattern of size distributions was also
found in Mobile Bay (Fig. 8(a)), where, in contrast to Monterey Bay,
inorganic matter dominates the suspended particles. Lambert et al.
(1981) observed that size distributions of aluminosilicate particles
in global oceans are not only log-normal but very similar to each
other as well, with peak sizes concentrated in a small range of
0.35e0.70 mm (in radius). Pierce and Siegel (1979), who examined
estuarine and oceanic waters, also found mineral particles typically
occurring in the small-size end of the size spectrum (0.4e10 mm).
The two sites differ in the following details. The mineral peak for
Mobile Bay is an order of magnitude greater than the organic peak
in the PSD plots while the mineral peak in Monterey Bay is
approximately the same order as the organic peak (Fig. 8(a and b)).
The mineral PSD plot for Mobile Bay shows a tendency to possibly
form a signiﬁcant mineral aggregate concentration at a radius of
about 3e5 mm. The lack of this tendency in Monterey Bay probably
indicates the mineral component is predominantly biogenic
(Figs. 3, 8(b)). The PSD of organic matter is broad and smooth in
Mobile Bay while there are two peaks in the organic PSD in Mon-
terey Bay. This may indicate a strong detrital organic component in
Mobile Bay while the organic peaks in Monterey Baymay indicate a
concentration of Prorocentrum and Pseudo-nitzschia at the 8 mm
radius peak and a concentration of nanoplankton at the 1 mm
radius. These results provide evidence for the two-component
model Risovic (1993) proposed as the logical extension of the
Jungian distribution, by separating oceanic particles into two gen-
eral components, one rather steep, narrow distribution dominant
at small sizes and another much broader, less steep, distribution
dominant at large sizes. Our inversion results show that even in
more dynamic coastal environments the shapes of particle size
distributions, while differing signiﬁcantly between the two general
particle groups of PIM and POM, are quite similar within each group.
Furthermore, the angular pattern of the phase functions of PIM and
POM (Fig. 8(c and d)) is consistent with their respective size dis-
tributions. Theoretically backscattering is mainly due to submicron
particles (Risovic, 2002) whereas larger particles account for most
of forward and hence total scattering (Stramski and Kiefer, 1991).
In summary, we have achieved, in two contrasting coastal
environments, validation of PIM and POM concentrations inferred
from VSF data with the concentrations determined gravimetri-
cally from water samples coincident with the optical scattering
data. We feel we are approaching biogeo-optical closure in these
studies. The inversion of PIM and POM concentration is based on
bulk angular scattering that allows us to quantify, for the ﬁrst time
we feel, the size distributions of PIM and POM particles simulta-
neously in the natural aquatic environment. We believe that PSDs
and VSFs from these optical inversions are reasonable and reli-
able. Inverted PSDs for PIM and POM, in the coastal ocean, provide
evidence in support of Risovic's two-component model of the
PSD: PIM appears to dominate in the submicron particle radius
range (Risovic's A component) and POM appears to dominate in
the range beyond 2 mm radius (Risovic's B component). The PSD
for the mineral component (PIM) provides indications of which
mineral particle size range shows a tendency to form aggregates
and the PSD for the organic (POM) component appears to differ-
entiate between organic detritus dominated systems and biogenic
dominated systems.
More research is needed on the optical properties, i.e. refractive
index, and fractal nature of suspended particles and aggregates to
further improve the inversion from optical scattering data. These
improvements will advance the studies of sediment dynamics,
biological dynamics, and biogeochemistry of the coastal ocean.
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